In this paper, the link selection algorithm in buffer-aided cooperative networks with multiple co-channel interferers for green internet of things (IoT) is investigated. In the considered system, the relay node selects the better link from the first and the second hop with the help of buffers. We evaluate the effects of the system parameters by deriving the analytical analysis as well as the asymptotic results on the exact expressions of the outage probability. The impacts of system parameters, such as the predefined target rate, the priority-outage tradeoff parameter, the buffer length and the number of interferers are evaluated in different setup scenarios. Considerable performance gains can be obtained compared with the classical decode-and-forward relaying networks. Simulation results are provided to verify the theoretical analysis.
I. INTRODUCTION
In the recent years, there has been an explosively development in wireless communication and the transmission rate [1] - [3] . To support the demand of high data-rate transmission, many new wireless techniques have been proposed [4] - [6] . With the deployment of the fifth-generation (5G) wireless communication systems, the associated applications such as green internet of things (IoT) have attracted a lot of attention from both the academy and industry [7] - [10] . To support the application of 5G and green IoT, many new techniques are proposed to improve the capacity of the system. Among these new techniques, Buffer-aided cooperative networks, which was shown to enhance the quality of the classical wireless relaying system, have attracted much attention from both academic and industry groups. With the help of buffers, the better link can be selected for transmission. For example, authors in [11] proposed the max-max scheme to
The associate editor coordinating the review of this manuscript and approving it for publication was Zhenyu Zhou . selects the relay with the strongest SNR between the first and the second hops. Moreover, without delay constraints, the max-link scheme is introduced in ref. [12] , which selects the best link in an available set. To reduce the packet delay, authors in [13] choosed the second hop with priority than the first hop, and analyzed the outage probability and the average packet delay of the proposed scheme compared with conventional schemes. As an extended work, considering the weight, the quality and the priority of the links, ref. [14] proposed a combined metric to select the best relay node. The proposed scheme is evaluated in terms of outage probability, the delay and the throughput of the system.
On the other hand, the presence of the co-channel interference, which is usually introduced by frequency reuse or other wireless systems, may greatly lower the QoS of the networks [15] - [18] . Specifically, authors in [19] derived the closed-form expression for the outage probability when the interfering signals experience Nakagami-m fading. With the presence of multiple independent interferers at the destination, the outage performance of an VOLUME 8, 2020 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ amplify-and-forward two-hop two-user channel is studied in [20] . While, authors in [21] investigated the effects of co-channel interference on the security performance in multiple relaying networks. However, to the best of our knowledge, there is little literature studying the effect of the co-channel interference for the buffer-aided cooperative networks with link selection. Motivated by that, in this paper, we will discuss the link selection algorithm for buffer-aided cooperative networks with co-channel interference. Assisted by the buffers, the relay node can select the better link from the first and the second hop to relieve the effects of the interferers. We evaluate the effects of the system parameters by deriving the analytical analysis as well as the asymptotic results on the exact expressions of the outage probability.
The main contributions of this paper are summarized as follows:
• We employ the buffer-aided relay combining technique for the co-channel interference networks, which can exploit the benefits of both branches in the system and meanwhile reduce the implementation complexity.
• We provide an exact outage probability expression for the buffer-aided co-channel interference networks, in order to evaluate the transmission performance achieved by the buffer-aided protocol.
• We present new results for the asymptotic outage probability of the buffer-aided co-channel interference networks. These asymptotic expressions enable us to determine the major factors that regulate the transmission performance in the high transmit power region. The impacts of system parameters, such as the predefined target rate, the priority-outage tradeoff parameter, the buffer length and the number of interferers are evaluated in different setup scenarios.
Notations: We use CN (µ, σ 2 ) to represent the circularly symmetric complex Gaussian random variable with mean µ and variance σ 2 , f X (x) and F X (x) denote the probability density function (PDF) and cumulative distribution function (CDF) of a random variance x, respectively, diag(A) is a row vector consisting of all diagonal elements of A, and R − D denotes the link from R to D. Fig.1 depicts the model of the two-slot buffer-aided relaying system. In the considered system, the source node S transmits message to the destination node D. We assume that no direct links exist from the source node to the destination node [22] - [24] , while a relay can be used to assist the information transmission with decode-and-forward mode. All nodes are assumed to be equipped with single antenna.
II. SYSTEM MODEL
Moreover, the relay holds a data buffer of finite size L [25] , [26] , which can be used to store packets decoded correctly from the source. Specifically, the relay is corrupted by M co-channel interferers {I m , m ∈ [1, 2, . . . , M ]} with fixed transmission power P I . Let h SR ∈ CN (0, β 1 ), The transmission protocol is equally slotted and the target rate is predefined as r 0 bit per channel use (BPCU). Let ϕ k ∈ [0, 1, . . . , L] denotes the occupied buffer length in the k-th time slot, with initial status as ϕ 0 = 0. To obtain better outage performance, the max-link scheme as in [12] is adopted, where in each slot either the S − R link or the R − D link is selected based on the quality of the links. Specifically, if ϕ k = 0, only the S − R link is available. While in the case of ϕ k = L, R − D is selected. If ϕ k is partial filled, the better link of S − R and R − D will be active. Moreover, the status of ϕ k can be changed as follows: (a) the ϕ k increases by one, if the S − R link is selected and the relay can decode the packet correctly. (b) the ϕ k decreases by one, if the R − D link is active and the destination node can decode the packet successfully. (c) if neither link can successfully decode the packet, the outage occurs and the ϕ k remains unchanged. Note that the retransmission signal can be sent through an error-free dedicated feedback channel with ACK mechanism.
III. LINK SELECTION AND PERFORMANCE ANALYSIS
For the case that S − R link is selected, the received signal at relay can be given by
where P S and P I are the transmission power of S and I m , respectively. x S ∈ CN (0, 1) and x m ∈ CN (0, 1) are the transmission symbols of the source and interferer. n R ∈ CN (0, N 0 ) denotes the additive white Gaussian noise (AWGN) received at R [27] - [29] , where the effect of noise on the communication systems can be found in the literature such as the works [30] - [32] . Thus, the signal-to-interference-plus-noise ratio (SINR) at R can be written as
where P S = P S /N 0 and P I = P I /N 0 are the average transmission SNR of source and interferers. u = |h SR | 2 and w m = |h I m R | 2 represent the channel fading gains of the links of S −R and I m −R, respectively. z = M m=1 w m P I is the total interference power received at R.
According to the Sum Distribution Theorem in [33] , we can obtain the PDF of z as follows
the CDF of z is
and the characteristic function of z is
where µ = P I . According to the definition of γ R in (2), we can obtain the CDF of γ R as follows
By using the characteristic function of z in (5), we can rewrite F γ R (x) as
Conditioned on that the buffer state is empty, and only S−R link can be selected, the outage probability of this case can be calculated as
where γ 0 = 2 r 0 − 1. Note that it's easy to prove that the diversity order of p o,SR is 1 with respect to P S .
For the case that the buffer is full, and only R − D link can be selected, the received signal at D can be given by
where P R is the transmission power of R and n D ∈ CN (0, N 0 ) denotes the AWGN received at D. Thus, the SNR at D can be expressed as
with its CDF and PDF as
where
Similarly, conditioned on that the R − D link is selected, the outage probability of this case can be expressed as
By using equ. (11), it's easy to prove that the diversity order of p o,RD is 1 with respect to P S .
As a benchmark, we can obtain the outage probability of the classical DF relaying networks without buffer (i.e. L = 0) as follows:
We will compare the performance of the buffer-aided cooperative networks with the classical DF relaying networks by exact outage probability as well as the simulation results in the following sections.
Consider the link selection algorithm, we assume that if the SINR of the first hop is greater than that of the second hop by α times, i.e. γ R > αγ D , the first hop is activated. Otherwise, the second hop is selected for transmission.
Given the function definition that
According to the definitions of γ R and γ D , we have the following equation:
where α is a priority-outage tradeoff parameter used in the link selection algorithm, c 3 = αµ/c 1 , c 4 = α/c 1 + 1/c 2 , VOLUME 8, 2020
and G(θ, c, β, n) is defined as eq.(3.353) in ref. [34] , i.e., (17) and Ei(x) is the exponential integral function defined in eq.(8.211) of ref. [34] as
If the buffer of R is partial filled, the probability of that ϕ k increases by one can be written as
By using the CDF of γ R and γ D on the first item in (19), we have (20) Consider the second item in (19) , due to the independence between γ R and γ D , we obtain
Applying (16) on (20) and substituting (20) and (21) into (19), we obtain
And the probability of that ϕ k decreases by one can be expressed as
Thus, for the case that the buffer is neither empty nor full, the outage probability can be expressed as
We use p SR to denote the probability that the first hop is selected, i.e.,
On the other hand, the probability that the second hop is activated can be expressed as
Let A represents the state transition matrix of the buffer length, and the entries of A can be defined as follows
By using the previous mathematical derivations, we can rewrite A i,j as
Else.
From the definition of the state transition matrix, we can easily obtain that L+1 i=1 A i,j = 1, ∀j. Thus, the transition probability matrix is column stochastic, and the stationary distribution can be given as
where b = (1, 1, . . . , 1) T , B i,j = 1, ∀i, j, π = (π 1 , π 2 , ..., π L+1 ) T and π i+1 = Pr[ϕ k = i, k → ∞].
And the system outage probability can be calculated as
Since the transition probability matrix A is reversible [12] , by using the global balance equation, we have
Specifically, if i = 1, we have
If 2 ≤ i ≤ L, we have
Considering the sum of stationary distribution is always 1, i.e., L+1 k=1 π k = 1, we can calculate the stationary distribution for the empty state as
Thus, the average buffer length can be expressed as
IV. ASYMPTOTIC OUTAGE PROBABILITY
In order to give a insight into the effects of the system parameters, we present the asymptotic analysis on the exact expressions of the outage probability, where both P S and P R are large enough.
Firstly, we will focus on the case of finite buffer length. We assume that P R = ξ P S , P S → ∞. By using the approxima-
Thus, if the buffer is empty, the asymptotic outage probability of this state can be expressed as
Considering the scenario of interference limited, i.e., P I 1, p o,SR can be simplified as
Similarly, we can rewrite F γ D (x) in (11) as
and the asymptotic outage probability for the case that the buffer is full can be expressed as
According to the definition of f γ D (x) in (12) , using the subsection integral method and applying variable substitution, we can rewrite J (θ) as
Particularly, for the case that the transmission power is large enough, i.e., P S → ∞, we obtain
Since p RD = J (0), we can conclude that the probability that the second hop is activated is a linear function with respect to the radio of average link fading power of the second hop to the first hop.
Considering the differential of J (θ ), when the transmission power is large enough, we can have the following approximation
Substituting (36) (39) and (43) into (24), we can obtain the asymptotic outage probability of the state that the buffer is partially occupied as follows
Obviously, α = 1 is the global optimal value for p o,l . From the asymptotic expressions on the outage probability for the case that the buffer is either empty or full, we can give the following remarks:
Remark 1: For the case that the buffer is either empty or full, the diversity order of the asymptotic outage probability is 1 with respect to the transmission power.
Remark 2: With empty buffer, in the case that interference power is large enough, the asymptotic outage probability is a linear increasing function with respect to the interference number and average interference power, respectively.
Remark 3: For the case that the buffer is neither empty nor full, the diversity order is 2. Furthermore, the priorityoutage tradeoff parameter α = 1 is the optimal value for minimization of the outage probability.
Remark 4: Since the outage probability of the case that the buffer is either empty or full is the dominated contribution to the total system outage probability in (30) , the diversity order of P O is 1.
V. SIMULATION RESULTS
In this section, simulation results are provided to verify the theoretical analysis. The impacts of system parameters, such as the predefined target rate r 0 , the priority-outage tradeoff parameter α, the buffer length L and the number of interferers M , are evaluated in different setup scenarios. The simulation results are compared with the theoretical analysis as well as the asymptotic results. Fig.2 and Fig.3 show the effects of the predefined target rate r 0 on the outage probability for the partial occupied state and the system outage probability, respectively. The system setup is as follows. The buffer length is 2, the number of interferers is 2, the average channel fading gains are set as β 1 = β 2 = = 1, and the priority-outage tradeoff parameter and the power factor are both set as 1, i.e., α = ξ = 1, while the predefined target rate r 0 changes from 1 to 3 bps/Hz. The simulation results and the analytical results as well as the asymptotic results are compared in both figures. We can see that the analytical lines match the simulation lines well, and in high SNR regions, converges to the asymptotic ones. Moreover, larger r 0 can results in higher outage probability, while the diversity order remains the same, which is coincident with normal intuition. Specifically, we can conclude that the diversity order is 2 for the partial occupied state, and for the system outage probability, the diversity order is 1. Fig.4 presents the impacts of the priority-outage tradeoff parameter α on the outage probability for the partial occupied state. The system setup is as follows. L = M = 2, ξ = 1, the average channel fading gains are set as β 1 = β 2 = = 1, and the predefined target rate r 0 is 1 bps/Hz, while the priority-outage tradeoff parameter changes from 1 to 3. According to the remarks in the theoretical analysis, α = 1 is the optimal value for the outage probability. Also, from the figure, we see that the performance curve of α = 1 is better that other curves. And the larger α introduces the higher outage probability, which is coincident with the result in eq.(44). Fig.5 presents the impacts of the buffer length L on the system outage probability. The system setup is as follows. M = 2, α = ξ = 1, the average channel fading gains are set as β 1 = β 2 = = 1, and the predefined target rate r 0 is set as 1 bps/Hz, while the buffer length changes from 0 to 5 with step 1. Note that L = 0 denotes the classical DF relaying networks without buffer. From the figure, we can see that the large L can improve the performance of the outage probability, while the diversity order is remains 1. The reason is that the bottle-neck of the system is the state of empty or full, and the large L can lower the probability of the state of empty and full, then the outage probability can be enhanced. Furthermore, the buffer-aided cooperative networks can obtain about 3dB gain compared with the classical DF relaying networks. The reason is that the equivalent SNR of the classical DF relaying networks as in equ. (14) is the minimum of the two hops, while in the buffer-aided networks, the equivalent SNR is the maximum of the two hops. Thus, obvious performance gains can be obtained. Fig.6 presents the impacts of the interferers' number M on the system outage probability. The system setup is as follows. L = 2, α = ξ = 1, the average channel fading gains are set as β 1 = β 2 = = 1, and the predefined target rate r 0 is set as 1 bps/Hz, while the number of interferers changes from 2 to 6 with step 1. Obviously, the larger M can result in higher outage probability. The reason is that more interference power will be introduced by the larger M , then the outage probability will be higher.
The effects of the average channel fading gain β 1 on the outage probability the partial occupied state is shown in Fig. 7 . The system setup is as follows. L = M = 2, α = ξ = 1, the average channel fading gains are set as β 2 = = 1, and the predefined target rate r 0 is set as 1 bps/Hz, while β 1 changes from 1 to 8. From this figure, we can see that the larger β 1 can greatly improve the outage probability, while the diversity order is still 2. The reason is that the larger β 1 can improve the quality of the first hop, while the outage probability can be enhanced.
VI. CONCLUSIONS
We investigate the link selection algorithm in buffer-aided cooperative networks with multiple co-channel interference for green IoT. With the help of buffers, the relay node can select the better link from the first and the second hop. In order to give an insight into the effects of the system parameters, we present the analytical analysis as well as the asymptotic results on the exact expressions of the outage probability. Based on the theoretical analysis, we find that the outage probability of the case that the buffer is either empty or full is the dominated contribution to the total system outage probability. Furthermore, the diversity order of the system outage probability is 1. While for the partial occupied state, the diversity order is 2. Simulation results are provided to verify the theoretical analysis. The impacts of system parameters, such as the predefined target rate, the priority-outage tradeoff parameter, the buffer length and the number of interferers are evaluated in different setup scenarios. In future works, we will study the intelligent algorithms such as deep-learning based and reinforcement learning based algorithms to the considered systems [35] - [39] , in order to enhance the system transmission performance. Moreover, we will investigate the physical-layer secure techniques for the considered systems [40] - [42] , in order to guarantee the security of wireless data transmission.
